Long-Term Effects of Intravitreal Injection of
GMP-Grade Bone-Marrow—Derived CD34" Cells in
NOD-SCID Mice with Acute Ischemia-Reperfusion Injury
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Purrosk. To determine long-term safety of intravitreal adminis-
tration of good manufacturing practice (GMP)-grade human
bone-marrow-derived CD34" cells in NOD-SCID (nonobese
diabetic-severe combined immunodeficiency) mice with acute
retinal ischemia-reperfusion injury, a model for retinal vascu-
lopathy.

METHOD. Acute ischemia-reperfusion injury was induced in the
right eye of adult NOD-SCID mice (# = 23) by transient
elevation of intraocular pressure. Seven days later, 12 injured
eyes and 5 normal contralateral eyes were injected each intra-
vitreally with 5 X 10% CD34" cells isolated under GMP condi-
tions from a healthy human donor bone marrow using an
immunomagnetic cell isolation system. The remaining 11 in-
jured eyes were not treated and served as controls. Mice were
euthanized 1 day, 4 months, and 8 months later. Both eyes
were enucleated and examined by immunohistochemical anal-
ysis and hematoxylin and eosin staining. Among mice followed
for 8 months, electroretinography (ERG) was performed on
both eyes before euthanization. All major organs were exam-
ined grossly and histologically after serial sectioning.

Resurts. Immunohistochemical staining 4 months after injec-
tion showed detectable CD34™" cells in the retinal vasculature.
ERG at 8 months after CD34 ™" cell injection showed signals that
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were similar in untreated eyes. Histology of the enucleated
eyes injected with CD34" cells showed no intraocular tumor
or abnormal tissue growth after 8 months. Histologic analysis
of all major organs showed no abnormal proliferation of human
cells.

ConcLusions. Intravitreal administration of GMP-grade human
bone-marrow- derived CD34 " cells appears to be well toler-
ated long-term in eyes with acute retinal ischemic injury. A
clinical trial will start to further explore this therapy. (Invest
Opbthalmol Vis Sci. 2012;53:986-994) DOI:10.1167/iovs.11-
8833

Retinal vascular diseases, such as retinal vascular occlusion
and diabetic retinopathy, remain a common cause of blind-
ness despite therapies available to treat associated complica-
tions such as macular edema and retinal neovascularization.
Bone marrow stem cell (BMSC) therapy is a new area of
research that is being investigated as possible therapy for
various ischemic and degenerative diseases.'”> A subpopula-
tion of BMSCs, referred to as lineage negative in animals or
CD34" stem cells in humans, appears to be recruited to sites of
ischemia and injury and play an important role in tissue healing
through release of trophic factors.>*~2 These adult stem cells
have been investigated in clinical and preclinical trials as ther-
apy for various ischemic or degenerative conditions because
they are easily obtained. Infusion of autologous BMSCs into the
coronary artery is being used in clinical trials in patients with
recent myocardial infarct to minimize cardiac failure.”> Nu-
merous clinical trials that use adult BMSCs are currently ongo-
ing_lo—ls

The use of intravitreal BMSCs to treat retinal disease has
been explored.*'°~2° This route of administration is appealing
since it is easy and limited numbers of cells are needed. To
date, BMSCs injected intravitreally after mechanical or laser
retinal injury were found incorporated in the injured outer
retina after a yezlr.m’17 Intravitreal autologous lineage negative
BMSCs in mice with retinal degeneration preserved some pho-
toreceptors.*'®

The use of BMSCs in treating retinal vascular disease was
explored by Caballero and colleagues® using murine models
of both acute and chronic retinal vascular pathology (ischemia-
reperfusion injury and streptozotocin-induced diabetes, re-
spectively). Intravitreal injection of human CD34" cells re-
sulted in rapid incorporation of these cells into the retinal
vasculature within hours of injection. The retinal vasculature of
treated eyes appeared to be less damaged than untreated eyes
short-term. No long-term studies were done.

The use of autologous intravitreal BMSCs to treat patients
with vision loss from retinal diseases has been explored in two
small pilot clinical trials outside the United States. Jonas et al.*!
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TABLE 1. Summary of Treatment Randomization, Follow-up, and Studies Performed on

All NOD-SCID Mice

Mouse oD os Follow-up Period Studies Performed
1 I/R + CD34"  Control + CD34™" 1d Immunohistochemistry
2 I/R + CD34"  Control + CD34" 1d Immunohistochemistry
3 I/R + CD34"  Control + saline 2 mo Leg tumor—PCR; organs histology
4 I/R + CD34"  Control + CD34" 4 mo Immunohistochemistry
5 I/R + CD34"  Control + CD34™" 4 mo Immunohistochemistry
6 I/R + CD34"  Control/saline 4 mo Histology
7 I/R + CD34"  Control/saline 4 mo Histology
8 I/R + CD34"  Control/saline 4 mo Histology
9 I/R + CD34"  Control 8 mo ERG, histology

10 I/R + CD34"  Control 8 mo ERG, histology

11 I/R + CD34"  Control/saline 8 mo ERG, histology

12 I/R + CD34"  Control/CD34" 8 mo ERG, histology

13 I/R Control 1d Immunohistochemistry
14 /R Control 1d Immunohistochemistry
15 I/R Control 4 mo Immunohistochemistry
16 /R Control 4 mo Immunohistochemistry
17 /R Control 4 mo Histology

18 I/R Control 4 mo Histology

19 /R Control 4 mo Histology

20 I/R Control 5 mo Dead, no tissue

21 I/R Control 8 mo ERG, histology

22 /R Control 8 mo ERG, histology

23 I/R Control/saline 8 mo ERG, histology

I/R, ischemia-reperfusion injury.
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injected mononuclear cells intravitreally in three patients with
end-stage macular degeneration, glaucoma, or diabetic retinop-
athy. No adverse event was noted during the follow-up period
ranging from 2 to 12 months, but no visual benefit was re-
ported. Siqueira et al.>? also used intravitreal autologous mono-
nuclear cells in five eyes with advanced retinal degeneration.
No adverse event was noted after 10 months. Two eyes had
improvement in electroretinography (ERG).

Based on these encouraging preclinical and clinical data, it
is important to further explore the use of intravitreal BMSCs as
treatment for retinal diseases, including retinal vasculopathy.
Isolation of CD34™" cells for delivery into the eye might make
this therapy more effective in a clinical trial.>° Before conduct-
ing a clinical trial, the current preclinical studies were con-

ducted at the request of the U.S. Food and Drug Administration
(FDA) to determine whether there are any long-term ocular
and systemic side effects of intravitreal good manufacturing
practice (GMP)-grade CD34" BMSCs in a relevant in vivo
model. NOD-SCID (nonobese diabetic-severe combined immu-
nodeficiency) mice with acute ischemia-reperfusion injury
were used as a model of acute retinal vasculopathy since
diabetic retinopathy could not be induced in SCID mice (Grant
MB, unpublished data, 2009).

METHODS

This study was conducted according to a protocol that was approved
by the Institutional Animal Care and Use Committee at the University

TABLE 2. Quantitative PCR Analysis of Leg Sarcoma in Mouse 3, Showing the Presence of Mouse DNA

but the Absence of Human DNA

Well Sample Name DNA Source Primers Detector Task Ct

C2 SYBR NTC Undetermined
C3 Standard 1 293 cells (human) Human ERV SYBR Standard 20.8041
C4 Standard 2 293 cells (human) Human ERV SYBR Standard 23.7691
C5 Standard 3 293 cells (human) Human ERV SYBR Standard 27.1899
C11 Tumor-huERV Tumor Human ERV SYBR Unknown Undetermined
D2 SYBR NTC Undetermined
D3 Standard 1 293 cells (human) SYBR Standard 20.6435
D4 Standard 2 293 cells (human) SYBR Standard 23.6809
D5 Standard 3 293 cells (human) SYBR Standard 27.2700
D11 Tumor-huERV Tumor Human ERV SYBR Unknown Undetermined
E2 SYBR NTC 37.2011

E3 Standard 1 293 cells (human) Mouse GAPDH SYBR Unknown 37.5900
E4 Standard 2 293 cells (human) Mouse GAPDH SYBR Unknown 36.1318
E5 Standard 3 293 cells (human) Mouse GAPDH SYBR Unknown 35.8578
E1l  Tumor-moGAPDH Tumor Mouse GAPDH SYBR Unknown 27.4748

F2 SYBR Unknown Undetermined
F3 Standard 1 293 cells (human) Mouse GAPDH SYBR Unknown 38.0180
F4 Standard 2 293 cells (human) Mouse GAPDH SYBR Unknown 36.6484
F5 Standard 3 293 cells (human) Mouse GAPDH SYBR Unknown 36.2384
F11 Tumor-moGAPDH Tumor Mouse GAPDH SYBR Unknown 28.3147
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of California Davis and was compliant with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Animals

Twenty-three NOD-SCID mice, 8 to 12 months of age at initiation of the
study (Jackson Laboratory, Bar Harbor, ME), were bred and maintained
at the Animal Facility at the University of California Davis. At study
termination the animals were euthanized by an overdose of ketamine
and xylazine (14 and 30 mg/kg, respectively) followed by a thoracot-
omy, at which time both eyes were removed and fixed in 4% (w/v)
buffered paraformaldehyde for immunohistochemical or histologic
analysis. All major organs (brain, lung, liver, heart, kidney, pancreas,
spleen) were removed and examined grossly for the presence of
tumor, then preserved in optimal cutting temperature (OCT) medium
for frozen sections.

Acute Ischemia-Reperfusion Injury

Under inhalation anesthesia (isoflurane vapor), acute ischemia-reper-
fusion injury was induced in the right eye of 23 mice by entering the
anterior chamber with a 30-gauge needle attached to an infusion line of
sterile saline and elevating intraocular pressure (IOP) transiently for 2
hours (80-90 mm Hg by Tono Pen; Medtronic Solan, Jacksonville, FL)
as previously described.?® Retinal ischemia was confirmed by whiten-

ing of the iris and loss of red reflex. After 2 hours, the needle was
removed to allow the IOP to normalize and the eye to reperfuse. The
contralateral left eye served as the control.

I0VS, February 2012, Vol. 53, No. 2

CD34" BMSC Isolation

Bone marrow from a healthy human donor was obtained commercially
(Lonza, Walkersville, MD) and CD34™" cells were isolated under GMP
conditions using commercial density-gradient media (Ficoll-Paque; GE
Healthcare [formerly Amersham Biosciences], Buckinghamshire, UK),
followed by an immunomagnetic cell isolation system (CliniMACS;
Miltenyi Biotec, Cologne, Germany). The isolated cells were washed,
subjected to validated state sterility assays (including endotoxin assay
and Gram staining), and resuspended in PBS to a final concentration of
5 X 10% CD34™" cells/uL.

Intravitreal Injection of CD34" Cells

Seven days after the acute ischemia-reperfusion injury when retinal
capillary damage would be appreciated,® the mice were randomized
to either intravitreal CD34" cell injection (# = 12) or no treatment
(n = 11), as shown in Table 1. Twelve eyes with acute ischemia-
reperfusion injury and 5 control contralateral normal eyes from 12
injured mice were injected each intravitreally with 5 X 10* CD34"
cells (GMP-grade) suspended in 1 uL PBS (see preceding text for details
of isolation). The contralateral eye of 5 remaining mice with ischemia-
reperfusion injury was injected intravitreally with 1 uL PBS.

All animals were kept under inhalation anesthesia (described ear-
lier) during the procedure. A sterile 5-uL syringe (Hamilton Co., Reno,
NV) attached to a 32-gauge A-bevel needle was used for intravitreal
injection.

Mice were euthanized 1 day, 4 months, and 8 months after intrav-
itreal injection unless they were noted to be in poor health.

FIGURE 1. Immunohistochemical
staining of retinal whole mount for
human cells 1 day after intravitreal
CD34™ cell injection shows human
cells (green) homing into the retinal
vasculature of the NOD-SCID mouse
eye with ischemia-reperfusion injury
(A, mouse 1, right eye) more dramat-
ically than that in the contralateral
normal eye (B). Immunohistochemi-
cal staining of retinal whole mount of
a NOD-SCID mouse untreated after
ischemia-reperfusion injury shows a
lack of detectable human cells in the
ischemic eye (C, mouse 13, right
eye) and the contralateral normal left
eye (D).
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FIGURE 2. Immunohistochemical staining of reti:
dextran to examine retinal vessel patency showing incorporation of human cells (green) into a normal-

appearing retinal vasculature in an eye 4 months

nal whole mount perfused with rhodamine-conjugated

after acute ischemia-reperfusion injury and intravitreal

injection of human CD34" cell injection (A, mouse 4, right eye). The contralateral normal eye injected
with CD34™" cells also shows detectable human cells incorporated in the retinal vasculature after 4 months
(B). Immunohistochemical staining of retinal whole mount of NOD-SCID mouse eye untreated 4 months

after ischemia-reperfusion injury (C, mouse 15, right

eye) shows a lack of detectable human cells (green) in the

retinal vasculature. A similar finding is noted in the normal untreated contralateral eye (D, mouse 15, left eye).
Insets in (A) and (B) represent images magnified X2 of the region of the retinal vasculature denoted.

Electroretinography

Among mice followed for 8 months, an ERG was performed on both
eyes just before euthanasia. Mice were dark adapted overnight just
before ERG testing (UTAS-EPIC XL; LKC Technologies, Gaithersburg,
MD). Mice were then anesthetized intraperitoneally with a 0.1 mL/10

g dose of a ketamine (100 mg/mL to 1 mL) and xylazine (100 mg/mL
to 0.1 mL) cocktail diluted 1:10 in sterile saline. After administration of
anesthesia, mice were placed on a heating pad set at 38°C and both
eyes dilated with 1% tropicamide and 2.5% phenylephrine. Propara-
caine eye drops were applied for topical anesthesia. The eyes were
lubricated with 1% methylcellulose. Mouse contact lens electrodes

TABLE 3. Immunohistochemical Analysis for the Presence of CD34" Cells in Retinal Vasculature

Duration of Treatment Right CD34% Cells in Treatment Left CD34% Cells in

Mouse  Follow-up Eye Right Eye Eye Left Eye

1 1d I/R + CD34™" +++ Control + CD34™" +

2 1d I/R + CD34" +++ Control + CD34" +

4 4 mo I/R + CD34" + Control + CD34™" +

5 4 mo I/R + CD34" + Control + CD34" +
13 1d I/R ND Control ND
14 1d I/R ND Control ND
15 4 mo I/R ND Control ND
16 4 mo I/R ND Control ND

I/R, ischemia-reperfusion injury; ND, nondetectable signal.
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(LKC Technologies) were then placed on each eye, needle reference
electrodes (LKC Technologies) were placed in each cheek, respec-
tively, and finally a ground needle electrode was placed at the base of
the tail. ERGs were generated with the following program: scotopic
blue filter (0 dB) at 20 wV/div single flash; scotopic white (0 dB) at 50
wV/div single flash; photopic white (0 dB) 10 wV/div single flash; and
photopic white (0 dB) 20 wV/div flicker, average of 10. After record-
ing, the animals were euthanized as described earlier.

Immunohistochemistry of Retinal Vasculature

After removal, all eyes for immunohistochemical analysis were perfo-
rated with a 30-gauge needle and immersion fixed in 4% (w/v) buffered
paraformaldehyde for 45 minutes, then washed in three changes of
PBS. The procedure for immunohistochemical analysis was similar to a
method previously described.*”

The eyes were dehydrated in 2.5 M sucrose and then embedded in
OCT medium for cryosectioning. At least 50 sections (10 um thickness,
every tenth section kept) were collected, and then postfixed in ace-
tone for 5 minutes. The sections were then immersed in freshly
prepared NaBH, (1 mg/mL in PBS) to reduce background autofluores-
cence, and then blocked in PBS containing 2% (w/v) nonfat dry milk
and 2% (w/v) BSA. The sections were then reacted (with appropriate
washes between incubations) with monoclonal rat anti-human CD31
(Abcam, Cambridge, MA) and monoclonal mouse anti-endothelium
(Clone PAL-E; Abcam), both diluted 1:100 in PBS containing 1% (w/v)
nonimmune rabbit serum and 1% nonimmune goat serum, followed by
rhodamine-conjugated rabbit anti-rat IgG (Abcam) and FITC-conju-
gated goat anti-mouse IgG (Abcam), both diluted 1:200 in PBS. Sections
incubated without primary antibody, but with secondary antibody,
were used as controls. The slides were then mounted with commercial
antifade medium (Vectashield; Vector Laboratories, Burlingame, CA)
and digital image captures were made with an epifluorescence micro-
scope (Zeiss Axioplan 2; Carl Zeiss, Inc., Thornwood, NY) coupled to
a charge-coupled device camera (SPOT Imaging Solutions, Division of
Diagnostic Instruments, Inc., Sterling Heights, MD).

Neural retinas from all the remaining eyes were dissected and
permeabilized by overnight immersion in detergent buffer (10 mM
HEPES, 150 mM NaCl, 0.2% [v/v] Triton X-100, 2% BSA, pH 8) at 4°C.
Eyes from animals that were not perfused were then reacted with
rhodamine-conjugated R. communis agglutinin I (1:1000 in 10 mM
HEPES, pH 8; Vector Laboratories) to detect vasculature. The whole
retinas were then mounted flat with antifade medium and digital image
captures were made with a laser scanning confocal microscope (LSCM,
BioRad MRC 1024; BioRad, Temecula, CA) and with an epifluorescence
microscope (Zeiss Axioplan 2). ImageJ software (ImageJ 1.37n, devel-
oped by Wayne Rasband, National Institutes of Health, Bethesda, MD;
available at http://rsb.info.nih.gov/ij/index.html) was used for analysis
of the confocal images.

TABLE 4. Summary of Histopathologic Findings of Whole Eyes

I0VS, February 2012, Vol. 53, No. 2

Histology of Eye and Major Organs

Both eyes were removed and perforated with a 30-gauge needle and
fixed with 4% (w/v) buffered paraformaldehyde. Every tenth section
(10 um thickness) of the whole eye was stained with hematoxylin and
eosin (H&E). All major organs (see preceding text) were embedded in
OCT medium for cryosectioning. Every tenth section (10 um thick-
ness) was collected and stained with H&E. Stained slides were analyzed
under light microscopy by an eye pathologist (AR) who was blinded to
the treatment conditions. If any abnormal tumor was noted, fluores-
cence in situ hybridization (FISH) or polymerase chain reaction (PCR)
was performed to determine whether the cells were of human or
murine origin.

FISH Analysis

Frozen sections of organs with microscopic evidence of tumor were
further analyzed with FISH to determine the cellular origin of the
tumor. Frozen tissue section slides were costained with a pan-centro-
meric chromosome probe from either mouse (green) or human (red)
according to the manufacturer’s specifications (Cambio Ltd, Cam-
bridge, UK), with the following minor modifications as previously
described.** Slides were incubated for 20 minutes on 10 ng/mL pro-
teinase K. To denature DNA, slides were immersed in 70% formamide
in 2 X SSC at 66°C for 5 minutes.

PCR and Quantitative Real-Time PCR

Large tumors that were grossly visible were analyzed by PCR to deter-
mine whether the tumor cells were of human or murine origin using a
protocol previously described.?* Mouse tumor cells were mechanically
dissociated. Genomic DNA was extracted from these cells as de-
scribed.*> Amplification of the human alu gene via PCR using primers
was done as described?® under the following conditions: 94°C for 30
seconds, 62°C for 45 seconds, and 72°C for 45 seconds. Quantitative
real-time PCR was performed using a commercial real-time PCR system
under default conditions (ABI 7300; Applied Biosystems, Carlsbad,
CA). The primers and probe for the human ERV-3 gene used were as
previously described.?” For the mouse glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene, the following primers and probe were
used: forward primer, accacgagaaatatgacaactaca; reverse primer,
cccactgectacataccatgage; probe, 6FAM  tcagcectgeatcectgcaccaccaact
TAMRA. An absolute quantification standard curve for human or mouse
was plotted using DNA from human cord blood mononucleated cells
and nontransplanted mouse liver, respectively. The copy number was
calculated. All samples and standards were assayed in duplicate reac-
tions and averages were taken for calculation.

Duration of  Treatment Right Treatment
Mouse Follow-up Eye Findings Right Eye Left Eye Findings Left Eye
6 4 mo I/R + CD34" Phthisis bulbi Control/saline Normal
7 4 mo I/R + CD34™ Normal Control/saline Normal
8 4 mo I/R + CD34" Normal Control/saline Normal
9 8 mo I/R + CD34™ Total RD, ruptured lens capsule; no tumor Control Normal
10 8 mo I/R + CD34* Normal Control Normal
11 8 mo I/R + CD34™ Normal Control/saline Normal
12 8 mo I/R + CD34" Mild perineural inflammation Control/saline Mild perineural inflammation
17 4 mo I/R Phthisis bulbi Control Normal
18 4 mo I/R Normal Control Normal
19 4 mo I/R Normal Control Normal
21 8 mo I/R Phthisis bulbi Control Normal
22 8 mo I/R Normal Control Normal
23 8 mo I/R Normal Control Normal

I/R, ischemia-reperfusion injury.
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FIGURE 3. H&E-stained sections of
whole eyes from NOD-SCID mice 8
months after ischemia-reperfusion in-
jury and intravitreal injection of
CD34" cells showing a range of his-
tologic findings from chronic retinal
detachment with disruption of the
lens capsule (A, mouse 9, right eye)
to that of a normal-appearing eye (B,
mouse 10, right eye).

RESULTS

Table 1 summarizes the treatment randomization, the duration
of follow-up, and outcome of the NOD-SCID mice used in this
study. As shown, ischemia-reperfusion was induced in the right
eye of all 23 mice. The left eye served as control. Among these
23 mice, 12 mice were injected with CD34™" cells in the right
eye 7 days after ischemia-reperfusion injury. Among these 12
mice, 5 had CD34" cells also injected in the contralateral
normal left eye at the same time and another 5 mice had saline
injected in the contralateral normal left eye. Among the 11
untreated mice, the contralateral eye was also untreated.

Mouse Survival during 8-Month Follow-up

During the 8-month course of this study, all mice survived to
their randomized time point of the study except for one con-
trol mouse (mouse 20) that died at month 5; the organs could
not be harvested for analysis. This mouse was not treated with
CD34" cells. Another mouse (mouse 3) treated with CD34™"
cells in both eyes after ischemia-reperfusion injury in the right
eye developed a visible leg tumor at month 2 and was eutha-
nized early. H&E analysis of the leg tumor was consistent with
a sarcoma. PCR analysis of the leg tumor revealed that the
tumor cells contained DNA of mouse origin. No human DNA
was found using the human ERV-3 gene primer and probe
(Table 2). No other abnormality was noted in any of the other
organs by H&E staining. We have previously described high
rates of spontaneous murine tumors in immune-deficient mice,
which may be due to a lack of natural killer function.'® This
tumor was unrelated to the treatment with human stem cells.
All remaining animals survived to the endpoint of the study.
The study was terminated at month 8 since the average life
expectancy of NOD-SCID mice is approximately 18 months.

Immunohistochemical Analysis of the Retinal
Vasculature for CD34" Cells

Two mice were euthanized 1 day after intravitreal injection of
CD34™" cells for immunohistochemical analysis of the retinal
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vasculature (mice 1 and 2) and compared with untreated mice
(mice 13 and 14). At this early time point, human cells were
noted to have homed into the retinal vasculature much more

prominently in eyes with retinal ischemia reperfusion injury
when compared with the contralateral normal eye (Fig. 1). No
CD34™" cells were detected in untreated eyes.

When the same immunohistochemical study was per-
formed in animals euthanized 4 months after the intravitreal
injection of CD34" stem cells into both eyes (mice 4 and 5)
and compared with eyes from untreated mice euthanized at the
same time point (mice 15 and 16), human cells were detected
incorporated into the retinal vasculature of both the eye with
ischemia-reperfusion injury and in the contralateral normal eye
but not detected in untreated eyes (Fig. 2). The findings are
summarized in Table 3.

Histolopathologic Analysis of Whole Eyes

Table 4 summarizes the histolopathologic analysis of enucle-
ated eyes harvested 4 and 8 months after ischemia-reperfusion
injury. There were a total of 26 eyes from 13 mice. Among
them, 7 mice had been treated with CD34" cells and 6 mice
were untreated.

Among the seven mice injected intravitreally with CD34"
cells after ischemia-reperfusion injury, one eye developed
phthisis bulbi at month 4 (mouse 6) and a second mouse was
noted with a total retinal detachment and disrupted lens cap-
sule (mouse 9) after 8 months, with no intraocular tumor
formation (Fig. 3A). Mouse 12 was noted with minimal inflam-
mation around the optic nerve in both eyes. These histologic
abnormalities were likely related to the trauma of the ischemia-
reperfusion injury and/or intravitreal injection procedure in
these small eyes rather than the presence of CD34" cells
themselves, since all four remaining eyes in this group ap-
peared unremarkable histologically (Fig. 3B). In particular,
there was no abnormal proliferation of cells in the eye. These
four eyes appeared histologically similar to the contralateral
uninjured eye, which appeared normal in all mice.

TABLE 5. Summary of Electroretinography Findings 8 Months after Intravitreal CD34 " Cell Injection

ERG Signal ERG Signal
Duration of Treatment Intensity Treatment Left Intensity
Mouse Follow-up Right Eye Right Eye Eye Left Eye
9 8 mo I/R + CD34" 0 Control +++
10 8 mo I/R + CD34" ++ Control NA
11 8 mo I/R + CD34™ + Control/saline +
12 8 mo I/R + CD34" + Control/CD34™" +4++
21 8 mo I/R 0 Control NA
22 8 mo I/R ++ Control NA
23 8 mo I/R + Control +++

I/R, ischemia-reperfusion injury; NA, data not available since animal could not tolerate ERG testing in

contralateral eye.
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Among eyes not treated with CD34™ cells after ischemia-
reperfusion injury, two eyes developed phthisis bulbi after 4
months (mice 17 and 21) and a second had mild diffuse inflam-
mation (mouse 21). All four remaining untreated injured eyes
and all contralateral normal control eyes appeared unremark-
able histologically. The findings were similar to those noted
among eyes that had CD34" cells injected after ischemia-
reperfusion injury.

Electroretinography

At 8 months after ischemia-reperfusion injury, ERG testing was
performed in four mice treated with CD34" cells and three
untreated mice. Table 5 summarizes the findings. ERG testing
was attempted in both eyes in all animals, although the con-
tralateral eye measurement was not possible in three mice
since the animals did not tolerate the prolonged anesthesia
required for bilateral testing and expired before the contralat-
eral eye measurement could be obtained.

Among the seven ischemia-reperfusion injury-induced
eyes, a detectable but possibly reduced ERG signal was noted
in five of the eyes (Fig. 4A). The range of signal strength was
similar among CD34™" cell-treated eyes when compared with
untreated eyes (Fig. 4B).

ERG was successfully recorded in the contralateral normal
eye of only four of seven animals. All four had a detectable
signal and three of the four recorded signals were strong. In
particular, a normal eye that had CD34™" cells injected had a
strong, normal-appearing ERG signal after 8 months (Fig. 4C).

Histopathologic and FISH Analysis of
Distant Organs

All major organs (brain, liver, lung, heart, kidney, spleen, pan-
creas) were harvested from all animals after 4 and 8 months;
every tenth serial frozen section of the organ was stained with
H&E and analyzed for the presence of tumor or other abnor-
malities. As summarized in Table 6, all major organs appeared
unremarkable except for the liver of mouse 8, which showed
the presence of a single microscopic nodule.

Frozen sections of this liver nodule were further analyzed
by FISH. As shown in Figure 5, the liver section stained homo-
geneously positively with the mouse centromere probe (green)
but did not stain with the human centromere probe (red).

DISCUSSION

In this study, we used an acute ischemia-reperfusion model in
NOD-SCID mice to study the long-term effect of intravitreal
GMP-grade human CD34™" cells from bone marrow in an eye
with acute retinal vascular injury. This model is a well-estab-
lished model to study the shortterm effects of acute retinal
ischemia.>® However, the usefulness of this model in studying
the long-term effect of retinal ischemia has not been estab-
lished. Unfortunately, to date, there is no other established
murine model of chronic retinal vasculopathy except diabetic
retinopathy; diabetic retinopathy could not be induced in SCID
mice so far, likely due to the immunodeficient state of the
mouse (Grant MB, unpublished data, 2009).

Despite the limitations of this animal model, our study
showed no major safety concerns of intravitreal GMP-grade
CD34™ cells. Although one mouse expired and did not survive
to the endpoint of our study, this mouse was not treated with
CD34™ cells. Among the mice that were treated with CD34™
cells, one mouse developed a leg sarcoma and a second mouse
had a microscopic liver nodule on histologic analysis. How-
ever, both tumors were of murine origin and were not caused
by proliferating human cells.
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FIGURE 4.  Electroretinogram from NOD-SCID mouse eyes 8 months

after ischemia-reperfusion injury and intravitreal injection of CD34"
cells shows a possibly reduced but detectable retinal signal (A, mouse
10, right eye), which is similar to that noted in an untreated eye 8
months after ischemia-reperfusion injury (B, mouse 22, right eye). ERG
signal obtained from a normal eye injected with CD34 " cells 8 months
earlier (C, mousel2, left eye) shows a strong normal-appearing retinal
signal.

On histologic analysis of the injected eyes 4 and 8 months
after intravitreal injection of CD34™" cells, no local safety con-
cerns were noted. Two eyes did develop phthisis bulbi, lens
disruption, and/or retinal detachment (mice 6 and 9). How-
ever, these changes were likely due to the trauma and damage
induced by the ischemia-reperfusion injury, since similar his-
tologic changes were also noted in two untreated eyes after
ischemia-reperfusion injury (mice 17 and 21). What is interest-
ing and surprising is that the majority of the eyes with acute
ischemia-reperfusion injury appeared relatively normal on his-
topathology at 4 and 8 months after the injury, irrespective of
whether the eye was treated with CD34 ™" cells. In addition, the
retinal vasculature at 4 months after intravitreal CD34™ cells
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TABLE 6. Summary of Histopathologic Findings of Distant Organs

Duration of Treatment Treatment
Mouse Follow-up Right Eye Left Eye Findings of Distant Organs*

6 4 mo I/R + CD34™" Control/saline Normal
7 4 mo I/R + CD34" Control/saline Normal
8 4 mo I/R + CD34" Control/saline Microscopic liver nodule-murine cells
9 8 mo I/R + CD34" Control Normal

10 8 mo I/R + CD34™" Control Normal

11 8 mo I/R + CD34" Control/saline Normal

12 8 mo I/R + CD34™" Control/saline Normal

17 4 mo I/R Control Normal

18 4 mo I/R Control Normal

19 4 mo I/R Control Normal

21 8 mo I/R Control Normal

22 8 mo I/R Control Normal

23 8 mo I/R Control Normal

*H & E staining of every tenth serial section of brain, lung, heart, liver, pancreas, spleen, and kidney.

I/R, ischemia-reperfusion injury.

appears relatively normal (Fig. 2A), suggesting that the eye can
recover from the acute ischemic damage. Perhaps in untreated
eyes, this recovery may be by the mice recruiting their own
stem cells from the bone marrow as part of the normal healing
mechanism.

ERG findings in our report, however, show that the retinal
function may not have fully recovered from the ischemic insult
despite the relatively intact-appearing histology. As shown in
Table 5, the ERG signal in the injured eye was consistently
decreased when compared with the contralateral normal eye.
In two of seven eyes, the signal was nondetectable. However,
theses two eyes had phthisis bulbi on histopathologic analysis.
The range of signals in the ischemia-induced eye was similar
irrespective of whether the eye was treated with CD34™" cells,
thus showing no dramatic improvement in retinal function
with the treatment in this small study. However, although
safety was demonstrated, the study was not designed to draw
any significant conclusions about the efficacy of this therapy
long-term.

What is encouraging is that mouse 12 had CD34™" cells
injected in the contralateral normal eye 8 months earlier and
had a strong normal-appearing ERG signal (Fig. 4C), suggesting
no adverse effect of the therapy itself on normal retinal func-
tion long-term. Similarly, among the injured eyes that were

FIGURE 5.  Fluorescence in situ hybridization of the liver frozen sec-
tion from mouse 8 shows a homogeneous positive staining with the
mouse centromere probe (green) but no staining with the human
centromere probe (red).

treated, the ERG signal range was similar to that of the un-
treated injured eyes, again supporting the hypothesis that there
is no long-term toxic effect of this therapy on the retina.

In summary, intravitreal GMP-grade CD34 " cells from bone
marrow appear to be well-tolerated long-term in NOD-SCID
mouse eyes with acute ischemia-reperfusion injury and normal
eyes. This long-term preclinical safety information was submit-
ted to the FDA and resulted in approval to start the first clinical
study to explore the use of intravitreal autologous CD34"
BMSCs to treat eyes with retinal vasculopathy.
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